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ELECTRON IMPACT CROSS SECTIONS APPLICABLE TO MOLECULAR LASERS

Principal Investigator: Shek-Fu Wong
Yale University
Mason Laboratory, P.O. Box 2159 Yale Station
New Haven, CT 06520
Ref: Contract N00014-76- C-0078

Summary

1. Contract Description:

This program centers on the measurement of electron impact cross sections
of basic importance to the collision mechanisms in molecular lasers. The
investigations include dissociative attachmient, vibrational and electronic
excitation in selected molecules and atoms, at low impact energies.

2. Scientific Problem:

Inelastic collisions between electrons and molecules proceed via direct
and resonant processes. It is important to establish the relative contribu-
tion of these two mechanisms. This goal can be achieved by studying the energy
and angular depe ndences of the scattering cross sections. A systematic study
of the resonances by their energy, lifetime and syimmetry also helps to form
an overall. physical picture of the mechanisms whereby the electron energy is
transfprred to the target molecule or atom.

3. Scientific and Technical Approach:

We use several distinct methods for studying the cross sections of
interest. A hemispherical electron impact spectrometer is used for vibration
excitation and electronic excitation studies from 5round o~r vibrationally
excited molecules. An electron impact mass spectrometer is used for dissoc-
iative attachmont studies with target gas at temperature up to 1600 0 K. Our
data acquisition and analysis systems include 2 PDP-ll/MINC computers. A new
kind of ion impact spectrometer for electron and ion collisions at high
resolution .nd low incident energies has recently been developed here and is
currefttly 2'operation.
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5. Progress Since November 1979:

In the program on excited molecules we have completed the experiments
on dissociative attachment from vibrationally excited HCI and HF. In this
work we observed an unusually large cross section (10-14 cm2) for Cl7/HCI(v-2)
and proposed a new mechanism for dissociative attachment by electron impact.
These results have been published in Journal of Chemical Physics, 1981.

In the program on electronic excitation of noble-gas atoms we have
established the experimental methods for studies up to the threshold region.
The first results have been obtained for the n=2 states of He, within 4 eV
of threshold. In the 2 S and 23p cross sections we observed anomalous angular
dependences attributable to a new 2P resonance. These results have been
published in Physical Review A, 1981. A PhD thekis also resulted from the He
work and an initial experiment on Kr.

I have carried out the first electronic excitation experiments in Ar

(43P ,4Pi,14P 0) with a newly constructed ion impact spectrometer operated
in electron scattering mode. Angular and energy dependences of these 3 triplet
cross sections are determined within 4 eV of threshold. The Ar experiments
also led to the 0-/Kr and ClI-/Kr experiments, which show that collislonal
detachment at low impact energies yields mainly very slow electrons, with
kinetic energy less than 1 eV. These preliminary findings have been presented
in an invited talk at the Goddard Symposium on electron scattering from atoms
and atomic ions, Greenbelt, July 1981.

6. Publications:

J. M. Phillips and S. F. Wong, "Electron-impact excitation of He:
Threshold region", Phys. Rev. A23, 3324 (1981).

M. Allan and S. F. Wong, "Dissociative attachment from vibrationally
and rotationally excited HC and HF", J. Chem. Phys. 74, 1687 (1981).

S. F. Wong, "New Experiments on e-He, e-Ar Resonances", NASA Goddard
Symposium on Electron Scattering from Atoms and Atomic Ions, Greenbelt,(1981).
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Dissociative attachment from vibrationally and rotationally
excited HCi and HF)

M. Allan and S. F. Wong

Department of Engineering and Applied Science. Mmon Lahomiory, Yale University, New Haven,
Connecticut 06S20
(Received 12 June 1980; accepted 21 October 1980)

An electron impact mass spectrometer is used to study dissociative attachment in HCI, DCI, and HF at
incident energies 0-4 eV. Target molecules in different excited nuclear states are prepared with an iridium
oven source. The cross sections for C-/HCI, Cl-/DCI, and F-/HF all show an order-of-magnitude increase
with each increase of vibrational quantum Iv = 0, 1, and 2). In C-/HC! the threshold cross section for the
v = 2 level at 0.1 eV reaches (7.8*4.7)X 10- " cm2. Together, this large cross section and the recent potential.
energy-curve calculations of HCI and HCI - show that the conventional theory of dissociative attachment may
not be applicable here. A new mechanism for dissociative attachment is suggested.

I. INTRODUCTION In this paper we report experimental results in dis-

Electron collisions with excited molecules are of sociative attachment from vibrationally and rotationally

basic interest as well as having interdisciplinary ap- excited HCI and HF at 0-4 eV. We resolved the vibra-

plications. 1 In dissociative attachment by electron im- tional levels and found a strong increase of cross sec-

pact, the important role of nuclear excitation was first tions for Cr/HCI and F-/HF with vibrational excitation,

observed via the marked dependence of cx oss sections similar to the case of H2. Furthermore, we found a

on temperature. This effect was studied in several pronounced structure in the cr formation cross section

molecules (0., N20, CO 2 ... ) and has been reviewed. 2  from rotationally excited HCl, which is without analogy
in the H2 case. In the present experiment a large range

Recent inprovements in electron-beam resolution of internuclear separations is probed via excited initial
and ion detection have enabled us to study3 dissociative states. These data thus provide new information about

attachment from specific vibrational and rotational the coupling between electronic and nuclear motion un-
states in H2 and D2. At electron energies 1-4 eV, the attainable by the previous ground-state studies.
cross section was found to increase drastically, by
more than a factor of ten, with each vibrational quantum. II. EXPERIMENT
A weaker enhancement was observed with rotational

quantum. These results, together with a quasi-sta- The electron impact mass spectrometer used for this
tionary-state calculation by Wadehra and Bardsley 4  investigation was described previously.

3' 1" Figure 1

brought understanding to the detailed roles of excited shows a schematic view of the apparatus. It consists

nuclear states. Dissociative attachment in H2 and D2 of a trochoidal monochromator to form a beam of mono-

proceeds via the repulsive action of a short-lived 2Z energetic electrons, a hot iridium collision chamber
resonance. The enhancement in cross section where the excited molecules are generated, and a quad-
predominantly from the shortening of stabilization time rupole mass filter to analyze the negative ions result-

for dissociation. In vibrationally excited molecules ing from collisions. Standard counting and signal aver-
this is due to the more extended nuclear wave function; aging techniques are used for data collection. The col-

.* , in rotationally excited molecules to the centrifugal lision chamber can be heated with a current of up to
stretching. 100 A, pulsed at -20Hz. Signal acquisition is inhibited

during the heating cycle to bypass the interfering effect
To gain further understanding we have recently ex- of the stray magnetic field. The temperature of the col-

tended similar investigations to two hydrogen halides, lision chamber is monitored with a thermocouple to an
HCI and HF. HCI and HF possess large electric dipole accuracy of +30 0 K and the gas is assumed to be in

moments (1.11 and 1.82 D), thereby introducing a thermal equilibrium with the walls. The arguments

strong long-range force not normally encountered in and experimental procedures justifying the latter as-
resonance collisions. 5 *t In electron collisions with
HCI and HF at low energies, an unusual observation is

* a strong threshold peak (-10 A2) in vibrational excita- I,,1uM OVN- COLLKO

tiont . characterized by isotropic scattering. In dis-
sociative attachment the cross section for Cl'/HCl s , .
shows a vertical onset at the lowest dissociation limit ... ,

of 0.82 eV, with anomalous step-structure at energies % $ CHANNEtTEON

coincident with the vibrational thresholds of HCI (v'

=3, 4, ... ). While extensive theoretical Investiga- .I'MONOCHROMaTOa

tlons t o° ' t 't 2' have been made, the physical mechanisms
responsible for these structures remain controversial. ELECRON IPACT MASS SPCt"OMETr4

-FIG. 1. Schematic diagram of electron impact mass spec-
,NVork supported by the Office of Naval Research. trometer.

J. Chem. Phys. 7413). 1 Feb. 1981 0021-9606/81/031687-05$01.00 @ 1981 American Institute of Physics 1687
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- FIG. 4. Energy dependence of C/DCI in the threshold region

300 OKPurity of the sample is monitored via the mass spec -

trua of positive ions at low and high temperatures.

0 0.5 1 .0 1.5 The experiments are performed after passivation of

ELECTRON ENERGY (.V) the gas handling system for several days. Positive-
ion peaks due to halogen molecules are about 0. 1% in

FIG. 2. Energy dependences for CU- formation by electron HF and undetectable in HCI.
impact on HCI at different temperatures. The four spectra
have approximately the same vertical scales. M. RESULTS AND DISCUSSION

Figure 2 shows the energy dependence of C1" forma-
tion from HCI in the 0-2 eV region at four different

su ption are similar to those given in our earlier temperatures between 300 and 1180'K. The 300'K
spectrum is consistent with the results of previous

The experiment reported here consists of measure- experiments. 8,9 It has a steep rise with maximum1 6

ment of the energy dependence curves for CI'/HCI, at 0. 82 eV, the ground dissociation limit of Cl' + H.
Cr/DCi, and F-/HF at temperatures from 300-1200 'K. Step structures occur in the high-energy tail near 1.03
The energy scale is calibrated at all temperatures with and 1. 35 eV, at which energies the vibrational chan-
the 3.72 eV onset of H-/H 2 by admixing molecular hy- nels v'= 3 and 4 become open. As the temperature is
drogen into the sample gas, and is accurate to ± 40 increased, the spectra in Fig. 2 show additional C1
meV. Typical electron-beam current is 10'8 A, with peaks at lower energies. They are due to rotationally
energy spread of 50 meV as determined by retardation, and vibrationally excited HCI. which require less en-

ergy to reach the same dissociation limit.

Figure 3 shows a detailed spectrum of C'/HCI at 1000 OK.
I f I At this temperature the most pronounced new features

____ _C_-_/HC I are the two peaks centered about 0.2 eV below the ex-
2,, I 1 pected onsets for C1 proe'uction from the v = 0 and I

Id 4 4 -. /\ I istates of HCI. These peaks arise from the increase
WOOK of cross section with rotational quantum and are shaped
)00 acby the stepwise drop of cross section at the opening of

Z each vibrational channel of HCi (marked v' in Fig. 3).

low We shall further discuss this effect later. The ig-
nals due to vibrationally excited molecules (marked

" r in Fig. 3) appear as shoulders in the spectrum.
2 i Figure 4 shows the spectrum obtained with DCI. The

0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 increase of Cl- cross section with vibrational excitation
ELECTRON ENERGY (V) is sufficient to make the signal from excited molecules

FIG. 3. Energy dependence of Cr/HCI tn the threshold region dominate the spectrum. The HF result Is shown in
at 1000°K. The vertical bars under the energy-dependence Fig. 5. Shoulders due to HF In the r,= I and v=2 states
curve give the rotational population and their threshold post- are visible, as are the step structures at the opening of
tions. Expected peak positions from vibrationally excited mole- individual vibrational channels.
cules are marked v. The vibrational-level energies of the neu-
tral HClI molecule are v'. The energy scale Is accurate to To determine the cross sections of different vibra-

S40 meV. tional states relative to the ground state, we compre

J. Chem. Phys., Vol. 74, No. 3, 1 Februay 1981
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I Ii I In HF a depression is visible at each opening of a vi-
V 2 1 F'/HF brational channel (v' in Fig. 5) both on the low- and

high-energy sides of the v=0 peak at 2.5 eV. This in-
Z dicates the presence of an effect similar to HCI, but

v 3 4 5 . - 8 the spectrum lacks the fine detal found in HCI. In DCI,
such an effect appears to be masked by the vibrational
enhancement of the cross section.

1150 OK The observed large increase of cross section with vi-
brational quantum shows that, like in H2, dissociative
attachment in HCI and HF at low energies is very sen-

z sitive to the range of nuclear motion. In H2 the sen-
- __sitivity to vibrational quantum was caused by the very2 111 1 | .short lifetime (10"15 sec) of the 2E resonant state. This

1.5 2.0 2.5 3.0 3.5 interpretation, however, may not be simply transferred
ELECTRON ENERGY (.V) here because of the very different interaction due to the

FIG. 5. Energy dependence of F-/HF in the threshold region at electric dipole moment of these molecules. There is

1130 K. not yet a unique theoretical" picture for dissociative
attachment and vibrational excitation in HCl at low en-
ergies. Nonetheless, much new information onthe

the corresponding signal intensities 7 in Figs. 3, 4, electronic properties of HCI" have emerged from the
and 5 with their thermal population. For example, the recent ab initio calculations. 12,

9

population ratio of HCI between v = I and v, = 0 is 0.016 Figure 6 compares the potential-energy curves of H2
at 1000°K. At this temperature the corresponding sig- and HC in the energy region relevant to the dissocia-
nal ratio of Cl1 obtained from the energy-dependence
curve in Fig. 3 is 0.60, yielding a (, = 1)1a(v = 0)= 38 tive attachment studied here. The 'Z state of H in thefigure is the short-lived shape resonance 4'5 discussedfor dissociative attachment in HC1. Table 1 summar- earlier. The two HCI" curves labelled 1 2V and 2 1V
izes the relative cross sections for v =1 and v =2 ofiz e s th e r el a i ve c r o s s e ti o s fo r : 1 a n v = ofw e re c a lc u lated b y T ay lo r e t a [. 12 w ith a sta b iliz a tio n
Hel, DCI, and HF obtained with the above procedure. wr acltdb alre t"wt tblztomethod, but no lifetimes were available. The 1 2VThe main experimental errors arise from the uncer-
tainty in target temperature and the overlap of signals s at 0.82 e Tstate asce bnre

from adjacent rotational-vibrational manifolds in the calculat by Kraus s a te h s r t -oder*energy dependence curves (see Fig. 3, 4, and 5). The calculated by Krauss and Stevens t 9 using first-order
eomineydependenc cures (see F. 3, fr, and Th configuration interaction wavefunctions. With a high
combined systematic errors are ± 30% for v I and flexibility in the basis wavefunctions, the latter authors

50% for r 2. Statistical errors are negligible, also found that the HCI" curve mimics the neutral to

Extraction of the cross sections for rotational states, the left of the crossing point.20 However, the attached
unlike their vibrational counterparts, is not done here electron cloud is shown to be as diffuse as the basis
due to the absence of resolved rotational structure in set permits, without the localized character normally
the dissociative attachment profile. Among the three associated with a resonant state.
molecules studied here, HCI yields the most pro-
Ci'/HCI in Fig. 3 shows two broad peaks at 0.60 and tachment in HCI via the I '* state proceeds with elec-

. 0.25 eV for the rotational manifolds of r = 0 and v = 1 tron attachment to the left of the crossing followed by

states. We interpret these features as arising mainly dissociation. In light of the above calculations, elec-

from two effects. The first is a monotonic increase of tron attachment will be confined to the "mimic" region

the cross section with rotational quantum similar to that and thus little, if any, repulsive action can be expected

observed in H2. Together, this cross section increase for the HCI" compound. It appears to us that this is in-

and the smooth variation of the rotational state popula-
tion lead to a broad feature in the C1/HCI curve. Sec- TABLE I. Vibrational enhancement in
ond, superimposed on this wide feature are sharp drops threshold cross section of dissociative
in cross section at the opening of vibrational excitation attachment. 8.b

channels (W= 1 and 2 in Fig. 3). Step structure at vi- HCI DC1 HF
brational channels i' = 3, 4.... has been previously
observed in the high-energy tail of the CI" formation ,w/,.U-O 38 32 21

from ground-state HCI. 8,9 In our case the rotational r.2/U0 880 580 300
excitation lowers the effective threshold for C1', and
the steps due to the r'= I and '= 2 vibrational chan- aExperimental errors are 30% for

nels become visible. These discontinuities occur at v = 1 and + 50% for v = 2 for the ratios

nearly the same energy, independent of the initial ro- tabulated above.
tationl quantum, they thus; enhance s each other. We 'The peak cross sections for ground-t n a t tstate ( i =0) HCi and DCl wert deter-
should emphasize that the .bove interpretation is tenta- minel to be S.9w 1if"' cr: ..ad 1. 8
tive and detailed understanding of the rotational effects X 10-1 cm 2, respectively, by Azria
awaits further studies. et al. (Rel. 21).

) .J. Chem. Phys., Vol. 74, No. 3, 1 February 1981
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investigated dissociative attachment in nuclear excited
6- HCI and HF. These molecules in the past attracted

H+H much interest of experimentalists and theorists be-
H-2+* cause of their unusual scattering properties at low en-

4'IH-ergies. 2 uH

-- We find that the cross section for dissociative attach-
2U ment is very sensitive to the range of nuclear motion, re-

w H2 9 flected by the large increase of cross section with vi-

.a 0 brational excitation. We also find anomalous structure
qX H -CI in the cross section of rotationally excited HCI. This

0--C4 structure coincides with the opening of the v'= 1 and
v' =2 vibrational channels. Both findings demonstrate

-2 + the need for further theoretical investigation utilizing
2 -4 the new experimental data. The cross sections pre-sented here also provide important information for un-

0 ICIH 1 2.+ derstanding discharges containing HCl or HF, as in the
0.5 1.0 1.5 2.0 rare gas halide lasers. 2s
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Electron impact experiments on nuclear excited mole- component curves are found to have approximately the same
shapes and widths for all vibrational levels, consistent with

cubles provide Information about the scattering process the observed similarity of the rotational manifolds associated
at an extended region of Internuclear separation unat- with different vibrational levels in the energy-dependence
tainable to the common ground-state studies. We have curves.
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Electron-impact excitation of He: Threshold region

J. M. Phillips and S. F. Wong
Department of Engineering and Applied Science, Mason Laboratory, Yale University, New Haven, Connecticut 06520

(Received 19 November 1980)

Differential cross sections for excitation to the n = 2 states of He are studied with an electron-impact spectrometer
from threshold to 4 eV above. We observe pronounced angle-dependent structures in threshold excitation to the 2 'P
state and in near-threshold excitation in the 2 'S state. Together, these experimental findings and recent theoretical
considerations suggest the existence of a new 1P resonance near 20.8 eV.

Electronic excitation of atoms by electron im- achieve uniform transmission of scattered elec-
pact is of intrinsic as well as interdisciplinary trons at low energies. The acceptance angle of
(for example, gas lasers, upper atmospheric pro- the energy analyzer is made energy insensitive by
cesses) interest. Despite previous intensive placing the entrance pupil directly behind the col-
studies,' the physical mechanism dominating elec- lision region. A liquid-nitrogen-trapped turbo-
tronic cross sections in the threshold region is, molecular pump replaces the regular oil diffusion
in general, still not well understood, pump, thereby reducing surface contamination by

Recent advances in electron-beam techniques hydrocarbons. Surface conditions of the collision
have yielded much new information on total cross region are stabilized by operating the electrodes
sections.2,' 3 Quantitative differential cross sec- at 460 K. Details of these changes are planned to
tions, however, are available only in He due to the be given in a future paper.
more stringent experimental requirements. Pre- We have measured the absolute differential
vious measurements 4

'
5 concentrated on the n = 2 cross sections for excitation to n = 2 states in He

states: 23S, 21S, 23P, and 2 1P. At impact ener- at scattering angles 30'-90 with an apparatus
gies below 22.4 eV, four resonances have been resolution about 40 meV. The transmission of the
identifieds to play major roles in these excitation analyzer at different electron energies is con-
cross sections. They are a ls2s2 2S Feshbach trolled by use of the ionization continuum in He. 5'3

resonance below the 23S onset, a 2S virtual state Energy-loss spectra of He are measured at sev-
at the 21S threshold, and two core-excited shape eral impact energies above the ionization poten-
resonances, ls2s2p 2P and 1s2pl ID, below the 21P tial. The observations are compared with the ex-
state. pected uniform energy distribution for the two

Here we report several new findings in the ex- scattered electrons.10 We estimate that the energy
citation of the n = 2 states of He from threshold dependences determined for the four n = 2 states
to 4 eV above. We show that the differential cross are accurate to *20% from 100 meV to 4 eV above
sections for the 11S-21P and lIS-2 3 P transitions threshold. Below 100 meV the energy dependences
differ markedly at threshold. For excitation to are only qualitatively correct.
the 23P state, we observe a threshold peak with The relative magnitudes among these electronic
angle-dependent width. This is not predicted in excitation cross sections are determined by ob-
previous scattering theories,$ and we interpret it taining constant residual-energy spectra at sev-
as a resonance-interference effect. We also show eral energies. The absolute magnitudes of the
that the previously known 2D resonance peak in the cross sections are obtained by normalizing the
I'S-23 S transition moves in energy with scattering 1'S-2 3S excitation function to the calculated elastic
angle, its angular behavior being dominated by cross sections In He," t as previously described. 5

both p- and d-wave contributions. To account for The absolute differential cross sections obtained
these observations we propose a new 2p shape are accurate to ± 30%.
resonance at 20.8 eV. Using a hyperspherical co- Figures I and 2 show our measured absolute
ordinate approach Watanabe t recently showed that differential cross sections for excitation to the
this 2P resonance (second member of ls2s2p) lies n = 2 states within 4 eV of threshold at two selected

" near this energy, provided that the interchannel angles. The magnitudes of the peak cross sections
coupling is sufficiently strong for it to exist, are in quantitative agreement with earlier experi-

The electron-impact spectrometer for the pres- mentst" 2 but agreement on the exact shapes is
ent experiments is a crossed-beam apparatus only within a factor of 2. In this letter we shall
using hemispherical electrostatic energy ana- concentrate on the ntew features observed below
lyzers.8 Several modifications have been made to 22.4 eV, the onset of the n = 3 Feshbach reso-
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FIG. 1. Absolute differential cross sections for the FIG. 2. Absolute differential cross sections for the

n = 2 states of He at 55' . At this angle resonances of 2D n = 2 states of He at 90. At this angle resonances of
symmetry contribute negligibly to the 23S and 21S cross 2p symmetry contribute negligibly to the 23S and 21S
sections. Notice the threshold peak in the 23P cross cross sections. The threshold peak observed in the 23P
section and the gradual onset in the 21P cross section. cross section at low angles appears as a step here,
The structures above 22.4 eV are Feshbach resonances while the threshold feature in 21P remains unchanged.
associated with then = 3 states.

nances. ferential cross sections for excitation to the 23S
Unlike previous experiments,4 '5 the present re- state. Figure 3 shows several energy dependence

suits establish contrasting threshold behavior for curves obtained at scattering angles around 55'.
excitation to the 21P and 23P states. Whereas the The first peak at 20.5 eV, previously identified as
1'S-21P cross sections show a gradual onset at all a 2P shape resonance is unshifted with angle, and
angles (30'-90'), those for 1'S-2 3P yield a thresh- shows p-wave angular behavior. The second peak,
old peak at low angles, systematically changing which was identified as a 2D resonance shifts to
to a threshold step at 900 (see Figs. 1 and 2). This lower energy with decreasing scattering angle.
strong threshold excitation to the 23 P state is not While at high angles (70-90') its angular behavior
predicted by the differential cross section calcula- is consistent with d-wave scattering, this peak is
tions of Fon et al.6 It is hinted in the total cross clearly visible at 55" (see Fig. 3) where the con-
section calculation of Oberoi and Nesbet, 6 in which tribution of the 2D resonance to the 1'S-2 3 S trans-
the excitation to 23P rises much faster than that ition should be negligible. At low scattering
to the 2'P state. angles (40'-30'), the relative intensity of this peak

Angular variation of the width of a threshold and the first 2p peak is nearly constant. These
peak has been observed previously in the 1VS-2 3 S observations show the strong effect of the 2p scat-
transiticn. This was understood to arise from in- tering state between the 2p (20.3 eV) and 2D
terference6 between the tail of the 2S Feshbach (21.0 eV) resonances. We interpret this in terms
resonance and the 2P and 2D scattering states in of the dominant role in 1'S-23 S excitation of a new
the threshold region. The present observation in 2P resonance at those energies. Applying a reso-
the 1'S-23p transition suggests similar interfer- nance profile analysis to this unresolved peak at
ence between the known 2P (20.3-eV) resonance various angles, we determine the center of this
and a new 2p (20.8-eV) shape resonance (to be dis- proposed 2P resonance to be at 20.8 eV and its
cussed below) and the 2D scattering state. 4  width to be comparable to that of the known 3p

A marked angular effect is observed in the dif- resonance (r -0.4 eV).$
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TABLE J. Core-excited shape resonances (n =2) ac-

He cessible by electron impact on He (energies In eV).

"21 3S - 2p Sls2s2p 1s2p 2

:. ,p 2p 2D 2s

. 400 Previous work
Peiswr 20.3 21.0

_0 (Refs. 4,5,6)
.. 15.."e model"

d "B e ,- moe 20.1 20.7 21.1 21.6
ag (Ref. 13)

so* . Hyperspherlcal
O coordinate method 20.5 206 b b
r_ 0 (Ref. 7)

/"' ... • ' Present experiment 20.5 20.8 21.0 b

3 1
0 $5 2 p 2 P a Resonance lies within this range, if it exists.
U0 _ _ _ _Not studied in present work.

z
60'/ Othe doublet resonances of He as manifestations of

C 0strong nonadiabatic coupling between the adiabatic
0

70 • potential curves converging to the various n = 2
levels of He. The results of this calculation pre-
dict that the lower 2P resonance is at 20.5 eV and

0 that the higher 2P resonance is between 20.5 and
I i i I I I i I I20.96 eV, in agreement with our results. How-

20.0 21.0 22.0 ever, the latter resonance exists only if the inter-
ELECTRON ENERGY (eV) channel coupling is sufficiently strong. The pos-

FIG. 3. Energy dependence curves for the IVS-A sible fulfillment of this condition is still under in-
transition of He at angles near 55'. Note that the posi- vestigation.
tion of the 20.., eV peak is unchanged with angle, but the An earlier scattering calculation of Berrington
21.0 eV peak at 70' moves to about 20.9 eV at 40'. ct al.5 also indicates the importance of the 2p
Wigner cuses are apparent at the onsets of 2

3
p anrd 2'p c lI loidctsteiprac fte 2

scattering state near 20.9 eV. In the elastic 23S-
states and are especially pronounced at 55. 2 3S cross section these authors observe "a second

2P peak above the 21S threshold perhaps indicating

In Table I we list the four possible core-excited that the rise in the eigenphase," which they cal-
shape resonances (configurations ls2s2p and culate "in this energy region may be associated
ls2p2) that are accessible by electron impact on with another resonant or virtual state of He-."

He. Only the 2D and one of the two 2P resonances In conclusion, our present observations indicate
have been discussed in earlier work. To assess that the 2 P scattering state plays a dominant role
the possibility of another 2 P resonance at about in excitation to the 23S and 2 3P states. These ob-
20.8 eV. we examine the energies of the states of servations. together with the above theoretical
Be having electron configurations 122,2p and considerations suggest a new broad ls2s2p2P
1s2p2 . To obtain the energies of the correspond- resonance at 20.8 eV, in addition to the known 2 P
ing He- states, we (1) divide the energy above the resonance (20.3 eV).
ground state of each Be level by 4 to compensate
for its greater core charge, and (2) assign

ground-state Be (1s 2 2,2) the energy of He- S. F. Wong wishes to thank U. Fano and A. Hazi

(ls2s 2)-the 2S Feshbach resonance at 19.34 eV. for discussions on multichannel resonances and

*-The resulting energies are indicated in Table I R. Nesbet and A. Temkin for comments on the

;': under "Be model." There is good agreement be- manuscript. We thank A. Herzenberg for suggest-

tween our observations and the predictions."t  ing the Be model and S. Watanabe for furnishing

The resonance energies listed in row 3 of Table us with unpublished results on He-. This work was

I are obtained by Watanabe 7 using the hyperspher- supported by the National Science Foundation and

ical coordinate approach. This method interprets the Office of Naval Research.
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